Characteristics of primary and recrudescent Plasmodium falciparum infections were evaluated in 25 children who did not recover after amodiaquine (AQ) treatment. Recrudescence was detected by a thick blood smear and confirmed by polymerase chain reaction. Over half of recrudescent events occurred after 14 days of initiation of treatment and were associated with relatively low asexual parasitaemia. We examined the gametocyte sex ratio (GSR) 
Due to increasing resistance of Plasmodium falciparum to antimalarial monotherapy, one of the strategies to combat the spread of drug resistance is the use of combination antimalarials, particularly artemisininbased combination therapy (ACT) (WHO 2001) . One of the most frequently used partner drugs for ACT in Africa is amodiaquine (AQ), which is more effective than chloroquine (CQ) for both CQ-sensitive and CQresistant infections. AQ is also used as a partner drug for non-artemisinin-based combination therapy (NACT), especially with antifolates (Schellenberg et al. 2002 , Sowunmi 2002 , Gasasira et al. 2003 , Sowunmi et al. 2007c , and is used as monotherapy in some settings.
Despite differing mechanisms of resistance to CQ and pyrimethamine-sulfadoxine (PS) (Plowe et al. 1997 , Fidock et al. 2000 , resistance to CQ or PS seems to confer survival and propagation advantages to the parasite P. falciparum (Handunnetti et al. 1996 , Robert et al. 2000 , Sutherland et al. 2002 , Sowunmi & Fateye 2003a . Recent suggestions have been made that in Africa mutant alleles of Pfcrt and Pfmdr-1 associated with CQ-resistance in P. falciparum are also associated with resistance to AQ (Ochong et al. 2003 , Happi et al. 2006 , Holmgren et al. 2006 . However, it is unclear if resistance to AQ also confers survival and propagation advantages to the parasite.
Despite increasing use of AQ treatment for acute falciparum infections in Africa, little information is available for the treatment's effects on gametocyte carriage and gametocyte sex ratio in West African children. A recent study indicated that carriage rates may be higher and that gametocyte sex ratio may be more male-biased after AQ than after artesunate or artesunate-AQ com-bination (Sowunmi et al. 2007a ). In the latter context, it is unclear if the gametocyte sex ratio following AQ treatment differs between AQ-sensitive (AQ-S) and AQresistant (AQ-R) parasites.
The present study was designed to address these issues. The main goals were: to evaluate the features of primary and recrudescent infections in children treated with AQ and to follow the temporal changes in gametocyte sex ratios in AQ-R and AQ-S infections.
PATIENTS AND METHODS
The study was conducted in 615 children less than 13 years of age with acute, uncomplicated P. falciparum malaria in Ibadan, a malaria endemic area (Salako et al. 1990 ) in southwestern Nigeria in 2000, 2004 and 2006. Fully informed consent was obtained from the parents/ guardians of each child. Briefly, children were enrolled in the study if there was fever or history of fever in the 24-48 h preceding presentation, pure P. falciparum parasitaemia with > 2000 asexual forms/µL, absence of other concomitant illness, no history of antimalarial use in the two weeks preceding presentation and negative urine tests for antimalarial drugs (Dill-Glazko and lignin). Children with severe malaria (WHO 2000) , severe malnutrition, serious underlying diseases (renal, cardiac or hepatic), sickle cell anaemia or known allergy to AQ were excluded from the study. The study protocol was approved by the Joint University College Hospital/University of Ibadan ethics review committee (2000 study) and by the Ethics Committee of the Ministry of Health, Ibadan, Nigeria (2004 and 2006 studies) .
All 615 patients were treated with AQ 30mg/kg over three days (10mg/kg daily from day 0-2). The drugs were given orally and all patients were observed for at least three hours in order to ensure that the drug was not vomited. If the drug was vomited, the patient was excluded from the study. Oral paracetamol (acetaminophen) at 10-15 mg/kg six hourly was given for 12-24 h if body temperature was > 38 o C. Follow up was performed for 28 days (2000) and 42 days (2004 and 2006 studies) . At enrolment and during follow up, patients underwent physical examinations and parasitological assessments as previously described (Sowunmi et al. 2001 , Sowunmi 2002 . Asexual parasite and gametocyte counts were measured daily for the first four days (days 0-3) and thereafter on days 7, 14, 21, 28, 35 and 42. Quantification in Giemsa-stained thick blood films was done against 500 leukocytes in the case of asexual parasitaemia and against 1000 leukocytes in the case of gametocytes. From these quantified figures, parasite density was calculated assuming a leukocyte count of 6000/µL of blood. Parasite clearance time was the time interval from the start of antimalarial treatment until the asexual parasite count fell below detectable levels in a peripheral blood smear. Blood was spotted on filter paper on days 0, 1, 3, 7, 14, 21, 28, 35 and 42 and at the time of re-appearance of peripheral parasitaemia after its initial clearance for parasite genotyping. An infection was considered recrudescent if it occurred after an initial complete clearance and parasites reappeared in blood within 28 (2000 study) or 42 days (2004 and 2006 studies), which was detected by a thick blood smear and confirmed by polymerase chain reaction (PCR), as previously described (Happi et al. 2006) . Briefly, genotypes of the parasite population in each sample collected from patients with microscopically confirmed P. falciparum infections at enrolment and during follow-up were determined using the nested PCR methodology. Paired pre and post-treatment parasites were analysed using parasite loci that exhibit repeat numbers of polymorphisms in order to distinguish true treatment failures from new infections. Block 2 of Msp-1 (merozoite surface proteins-1), Block 3 of Msp-2 (merozoite surface protein-2) and region II of Glurp were amplified by two rounds of PCR using family specific primers and amplification conditions described previously (Happi et al. 2006) . Primer sequences and PCR conditions for the nested PCR strategy are described in Table I . PCR products (10 µL) were resolved by electrophoresis on a 2% agarose gel and sized against a 100 bp molecular weight marker (New England Biolabs, Beverly, MA). The banding pattern of the post-treatment parasites was compared to matched primary parasites. Post-treatment and primary infection parasites showing identical bands were considered as true treatment failure, while non-identity indicated a new infection. P. falciparum clones K1, 3D7 and FC27 were used as positive controls for each reaction.
In patients with recrudescence, clinical and parasitological parameters of the primary infection were compared to those of the recrudescent infection. In addition, patients with recrudescent infections were matched for age and gender with patients who had a sensitive response to AQ. Gametocyte sex was determined as described by Carter and Graves (1988) and Robert et al. (1996) . Gametocyte sex ratio was defined as the proportion of gametocytes that were male (Pickering et al. 2000) . Capillary blood was collected before and during follow-up and was used to measure packed cell volume (PCV). PCVs were measured using a microhaematocrit tube and microcentrifuge (Hawksley, Lancing, UK). Routine PCV was done on days 0, 3, 7, 14, 21, 28, 35 and 42. Recrudescent infection was considered to be asymptomatic at the moment of the parasitological examination if the patient had parasitaemia but no symptoms or clinical signs upon physical examination.
Re-treatment after treatment failures -Children with treatment failure were re-treated immediately after parasitaemia was detected with thick blood smear. Five children were retreated with a combination of AQ plus chlorpheniramine as previously described (Sowunmi et al. 2007b ) in order to demonstrate the reversing effect of AQ resistance by chlorpheniramine in vivo. All other children with recrudescent infections were re-treated with AQ-artesunate as previously described (Sowunmi et al. 2007a ).
Data analysis -Data were analysed using version 6 of Epi-Info software (Anon 1994) and the statistical programme SPSS for Windows version 10.01 (Anon 1999). Variables considered in the analysis were related to the densities of P. falciparum gametocytes and trophozoites. Proportions were compared by calculating χ 2 with Yates' correction or by Fisher exact test. Normally distributed, continuous data were compared by Student's t tests and analysis of variance (ANOVA). Data that did not conform to a normal distribution were compared by Mann-Whitney U-tests and Kruskal-Wallis tests (or by Wilcoxon ranked sum test). Correlations were assessed by linear regression. All tests of significance were twotailed. P values of < 0.05 were considered to indicate significant differences. Data were (double) entered serially using the patients' codes and were only analysed at the end of the study. 
RESULTS

Study population -
Clinical features of primary and recrudescent infections -
The characteristics of primary and recrudescent infections are summarised in Table II . The frequency of symptoms upon presentation of the primary infections and during the recrudescent infections that emerged af- ter AQ treatment of the primary infections is shown in Fig. 1 . The prevalence of gametocytaemia in primary and recrudescent infections were similar (3/25 = 12% and 1/25 = 4%, respectively, p = 0.6). There was no correlation between gametocytaemia and asexual parasitaemia in the primary infection (r = -0.8, p = 0.39). The clinical features of children with recrudescent infections and of age and gender-matched children with sensitive infections were similar (data not shown).
Temporal changes in gametocyte sex ratio in children with recrudescent infection and age and gendermatched children with a sensitive response -Three children that had recrudescent infections and three age and gender-matched children with a sensitive response to AQ were gametocyte carriers at enrolment. In addition, two and three children from the recrudescent and drug sensitive groups, respectively, became gametocyte carriers within two weeks of treatment initiation (Fig. 2) . Out of the children who were gametocytaemic, a total of 168, 112, 204, 114, 54 and 36 gametocytes were counted on days 0, 1, 2, 3, 7 and 14, respectively. Of these, 156, 106, 192, 102, 54 and 36 gametocytes could be sexed on days 0, 1, 2, 3, 7 and 14, respectively. The corresponding number of patients in whom the gametocytes were counted was 6, 5, 2, 3, 3 and 3, respectively.
In children with recrudescent infections and in age and gender-matched children with sensitive infections, the gametocyte sex ratio, which was initially femalebiased at enrolment, became male-biased by day three after initiation of treatment but gametocyte maleness persisted beyond this period in those with recrudescent infections (Fig. 2) .
Response of recrudescent infections to AQ plus chlorpheniramine or AQ-artesunate -All AQ-treatment failures responded to AQ plus chlorpheniramine or AQartesunate with fever and parasitaemia that cleared within two and three days, respectively, and had no recurrence of symptoms or parasitaemia after 28-42 days of follow-up.
DISCUSSION
Malaria is hyperendemic in all of southwestern Nigeria. Although response to AQ monotherapy was positive in early 2000 (Sowunmi et al. 2001) , recent reports suggest resistance to AQ monotherapy is increasing (Happi et al. 2006) and is conferred by the same mutations in the parasite that confer resistance to CQ (Ochong et al. 2003 , Happi et al. 2006 , Holmgren et al. 2006 . Our results after evaluating recrudescent infections in 615 children enrolled in AQ efficacy studies over a seven-year period in an endemic area of malaria showed that AQ resistance is at 4%, a figure that is likely to rise as the use of the drug as monotherapy continues. Although combination antimalarials are officially recommended for the management of malaria in Nigeria (Anon 2004), AQ monotherapy is still used considerably by many people primarily because combination antimalarials are unaffordable (Sowunmi, unpublished observation) . In this context, the results of the present study are important for the control of malaria in Nigeria. Furthermore, in the event of artemisinin-AQ treatment failure, it is likely that AQ, not artemisinin, will be the most likely cause of failure since in vivo parasites resistant to artemisinin and artemisinin derivatives have not been encountered in the area.
Given the results of the molecular analyses, it seems likely that all of the patients examined had true recrudescence and not re-infections. In this context, over half of the patients that had recrudescence after 14 days of initial treatment, especially those occurring at days 35 and 42, would have been considered to be new infections by clinical criteria in the absence of confirmation by molecular analysis. It is particularly noteworthy that in a third of children with recrudescent infections, recrudescence occurred 35 or 42 days after initiation of therapy.
Although resistance to AQ monotherapy in the present study is relatively low, the extent to which this may modify the local reservoirs of infection is unknown. The present results showed that a recrudescent infection (that emerges after AQ treatment of a primary infection has failed) is clinically different from a primary infection. The significant modifications observed include a propensity to produce few symptoms and signs of infection and a lower asexual parasitaemia. These characteristics are generally similar to those documented for CQ (Handunnetti et al. 1996 , Sowunmi & Fateye 2003a and pyrimethamine-sulfadoxine (Sowunmi & Fateye 2003b) . Additionally, recrudescence was not associated with anaemia. These differences may significantly affect the ability of a healthcare provider to make a prompt diagnosis of recrudescence and can therefore affect the appropriate treatment of the recrudescent infections.
Although fewer patients were gametocytaemic at recrudescence (and recrudescence occurred late and as promptly treated), it is likely that if patients were followed for a longer time, then more notable gametocytaemia may have developed and favoured the transmission of drug resistant parasites since low asexual parasitaemia and absence of fever are risk factors for gametocyte carriage (Price et al. 1999 , von Seidlen et al. 2001 , Sowunmi et al. 2004 ). In addition, in the absence of symptoms, it is unlikely that patients would seek treatment, thus increasing the number of days with gametocytaemia that would follow recrudescence and increasing the chances of transmission.
The proportion of male gametocytes present in a blood meal obtained by the mosquito from a human host, in addition to other factors, may be crucial to the infectivity of the gametocytes to the mosquito (Robert et al. 1996) . Although the children who carried gametocytes were small, overall the gametocyte sex ratio was initially female-biased and became male-biased within four days of the initiation of treatment. This finding is an agreement with that of a larger cohort of children from the same study area (Sowunmi et al. 2007a ) and suggests that, in patients who became gametocytaemic, the drug may have likely encouraged transmission, particularly in recrudescent patients where male-biased gametocytaemia was still present for a week after treatment initiation for the primary infection.
